The Polish breeding population (3, 250 males) of the globally threatened Aquatic Warbler Acrocephalus paludicola represents almost 25% of the global population. Except for the relatively stable large population in the Biebrza valley in north-east Poland less is known about population trends of peripheral populations in western, central and south-eastern regions of the country and whether trends differ depending on region. We investigated the long-term population dynamics in 38 small populations between 1969-2013 in the four Polish regions. Summarizing the trends of all small populations of Aquatic Warblers showed a significant decline in total number of individuals and declining number of populations over time. However, population trends were distinctly different in the different regions, with stable dynamics in south-east, moderate decline in north-east and sharp decline in the central and western regions. During the study period 19 out of 38 populations became extinct (11 populations in the western region, two in central region, four in north-east region and none in the south-east region). Five of these populations were later recolonised thus suggesting a pattern of metapopulation dynamics. To mitigate the negative trends and increased risk of local and regional extinction in the western and central parts of Poland effort should be put to increasing dispersal among populations by increasing the number of stepping stone patches between the viable large eastern populations and the smaller central and western ones.
INTRODUCTION
Populations of endangered species are often spatially subdivided between networks of separate habitat patches surrounded by unsuitable habitat matrix. Because such local populations are usually small they are prone to extinction due to demographic and environmental stochasticity and reduced genetic variability (Hanski 1989 ). However, when dispersal of individuals occurs among habitat patches local populations close to extinction may be rescued and patches with extinct populations may be recolonized, forming a network of local populations, i.e. a metapopulation displaying dynamics in local extinctions and recolonisations (Hanski 1989) . Thus, in a metapopulation some suitable habitat patches will be unoccupied at any time step. In a metapopulation where habitat patches differ in quality and size, furthermore, one expects source-sink dynamics with a surplus from sources dispersing to sink patches (Pulliam 1988 , Dias 1996 . In such source-sink metapopulations, the dynamics of sink populations may reflect both local population demography and productivity of the neighboring source populations. The dynamics of small populations may be therefore an indicator of the overall status of the metapopulation (Dias 1996) .
The Aquatic Warbler Acrocephalus paludicola is a wetland species breeding in a network of spatially separated patches in eastern Europe. It is a globally threatened passerine bird, listed as "Vulnerable" in the IUCN Red List of Globally Threatened Species and recent European Red List of Birds, because of its rapid decline in the past and the limited present breeding distribution of < 1,500 km 2 (Flade & Lachman 2008 , Hirschfeld et al. 2013 , BirdLife International 2015a . Once widespread and numerous in fen mires and wet meadows throughout Europe, the Aquatic Warbler has disappeared from most of its former range. In Western Europe its range covered whole Germany, eastern France and north Italy (Flade & Lachman 2008 ) and the species was reported to be common in Italy, Switzerland, Germany and the Netherlands in the late 1800s ). Since 1875 the species rapidly declined and became locally extinct in at least eight European countries (Dyrcz & Schulze-Hagen 1997 , Flade & Lachman 2008 . The species has also declined rapidly in the central parts of the breeding distribution (at a rate equal to 40% per ten years) during the last 30 years probably as a result of the destruction of its breeding habitat (BirdLife International 2015b). The total European population is estimated at 9,000-13,800 singing males in 2000-2012 (BirdLife International 2015a). Approximately 75% of the European populations breeds in the river systems of upper Pripyat, Yaselda (Belarus) and Biebrza and Narew (Poland) (BirdLife International 2015b).
Poland plays a key role for the survival of this endangered species, because almost 25% of the global population occur here. The species breeds mainly in two areas in eastern Poland (Biebrza valley and Polesie region), but it occurs also in a few isolated populations (i.e. relicts of the otherwise extinct Western European population) concentrated mainly in Western Pomerania (Dyrcz et al. 2007 ). The Polish breeding population in 2009-2012 was estimated at 3,200-3,250 males, of which 80% occurs in the Biebrza valley (BirdLife International 2015a). Estimates concerning the population size in the Biebrza valley suggest that the population has been fairly stable since 1991, although some uncertainty exists thus potentially hiding small trends (Grzywaczewski et al. 2012 ). Much less is known, however, about the long-term dynamics of the species at remaining sites in Poland although there are reports suggesting population declines at some of these localities (Tanneberger et al. 2010 (Tanneberger et al. , 2013 . Therefore the dynamics of these small populations could reflect the general dynamics of the metapopulation and especially the dynamics of large source populations producing dispersers (Howe et al. 1991 , Dias 1996 . Thus, for effective protection of the overall metapopulation knowledge concerning dynamics of populations occurring at small habitat patches is also of great importance.
Here we investigate population trends of the all known small populations of Aquatic Warblers in Poland, i.e. 38 sites located in Western, Central, North-east and South-east Poland. We investigate whether population trends differ geographically, bearing in mind that the largest known populations of the species are located in eastern Poland, Belarus and Ukraine. Given a general population decline, we expect populations located far from the large populations in the east to decline most in numbers and to suffer from a higher probability of local extinction.
METHODS

Aquatic Warbler data
In this study we focused on all known small populations of Aquatic Warblers in Poland (see Appendix 1 for details). Data from the Biebrza valley, which is the largest Polish population possibly acting as a source (together with large populations in Belarus and Ukraine), were not included, partly because full inventories of this large population, implemented until 2010, cannot detect finetuned dynamics (Grzywaczewski et al. 2012 ). However, as this population is expected to act as a source to neighbouring small populations, the dynamics of these populations may potentially reveal finer trends in the large Biebrza population. We compiled all available data concerning the number of males at local breeding sites of the Aquatic Warbler in Poland from 1930 to 2013 (Appendix 1). When population size in a given site and year was reported as a range we used average values. In general, at most of these sites regular counts of singing males were performed, which is known to reflect the number of breeding females (Dyrcz & Zdunek 1993 , Kubacka et al. 2014 ). Singing males were counted twice per season, during their highest activity periods in their first and second breeding attempt (20 May-10 June and 20 June-10 July). Surveys were started about 1.5 hours before sunset and were finished ca. 1 hour after the sunset. Surveys were usually performed by several observers walking simultaneously along the predefined transects and all singing males were mapped ). Some of the sites, of penalized thin plate regression splines between longitude, latitude (controlling for spatial autocorrelation) and time (i.e. year). We set the upper limit at 30 for the effective degrees of freedom in the interaction to control the complexity of the model. Splines allow for possible non-linear fit (i.e. non-linear time trend reflecting declines and increases in population size) and appropriate smoothness is chosen by generalized cross-validation criterion as a trade-off between the percentage of variance explained and the amount of wiggliness of the smoother. The geographical location of each population is included in the fitting of temporal dynamics and nonlinear temporal trends are allowed to vary across space. Consequently, populations placed close to each other have more similar trends as compared to more distant populations, which is not taken into account when population identity is introduced as fixed effect. The area of each site (log-transformed) was used as an offset and site ID was used as a random factor in the models. Moreover, we also performed an alternative model with random year effect and fixed effective degrees of freedom, but due to little difference we used the former one. All analyses were conducted in "mgcv" package (Wood 2006) in R (R Core Team 2015).
RESULTS
Several relatively large populations of the Aquatic Warbler were known from the South-east region (e.g. up to 340 males at site 37 in 1986) but in the Western and Central region some of the populations were also large, but mainly in the past (at site 11: 150 males in 1930, site 17: 300 males in 1972, Appendix 1). Populations never exceeding 10 singing males were observed in all studied regions (15 populations in total, Fig. 1 , Appendix 1).
Several populations displayed a steep decline as e.g. at sites 16, 17 in central and at sites 1, 2, 11, 15 in western region (Appendix 1). Among the studied populations 19 (50%) became extinct during the study period: 12 in western region (80%), two in central region (25%), five in north-east region (63%) but none in the south-east region. Many of these populations were initially small (10 never exceeded 10 individuals), but four initially larger populations (≥ 50 individuals) also went extinct after a period of population decline (sites 1, 2, 16, 17, Appendix 1). However, five of the sites with populations going extinct were again recolonized (sites 2, 4, 7, 15 in western region and site 33
Aquatic Warbler trends in Poland 247 however, especially those surveyed before 1990, were inventoried with the help of less specific methods, aimed at surveying the full list of wetland species by territory mapping performed during several repeated visits in a breeding season, thus allowing for a reliable population size assessment (detailed information is available in original works listed in Appendix 1).
In total we analysed available population data (including all known scientific studies and inventories conducted by NGOs, but also our own field inventories; see Appendix 1) from 38 sites in Poland, divided into four regions: (i) western (15 sites up to 25 km from Odra river valley and sea coast), (ii) central (8 sites in Wielkopolska lakeland and Wielkopolska lowland, i.e. the region of relatively high agriculture intensity), (iii) north-east (8 sites in areas of less intensive agriculture belonging to Mazowsze and Podlasie lowlands and Mazurian lakeland) and (iv) south-east (7 sites in Polesie, Fig. 1 ). For single sites, the average number of years with population estimates was 8.2 (SD = 7.4, range 1-34). The full list of sites with basic count characteristics is given in Appendix 1.
The model allowing for spatial variation in time trends
We investigate long-term changes in the abundance of the Aquatic Warbler in 38 small populations using generalized additive mixed model (GAMM) with Poisson error distribution and logarithmic link. The abundance of a given population in a given year was used as a response variable but we excluded two counts made before 1969 (1930 and 1960) as during this period counts were separated too much in time and thus provided no information on local population dynamics. In total 310 local abundance estimates were used in the models.
We assumed that the numbers of birds may change continuously over time but the change may be different in different parts of species distribution range. This might be the case if different regions show different population changes. In such a case fitting single trend curve for the whole distribution range may be inappropriate and a more flexible statistical method is needed. On the other hand, it is reasonable to assume that adjacent populations show more similar trend than spatially separated populations (i.e. trend is spatially autocorrelated). To take these assumptions into account, we applied a modeling approach (Harrison et al. 2014 ) where number of the Aquatic Warbler is a function of 3-way interaction in north-east region) but three of them again became extinct (Appendix 1).
The population trends differed between the four regions of Poland (GAMM, intercept: -0.94, SE = 0.26, t = 3.64, p < 0.001; longitude, latitude and time interaction: estimated degrees of freedom = 28.3, F = 74.9, p < 0.001). The model explained 24.9% of the variance in the response variable. The numbers of the Aquatic Warbler declined distinctly in the western region (at least since 1990) and possibly also in the central region (although the population shows a slight possible recovery with a peak year in 2008; Fig. 2) . Also in the north-east region the trend was negative although less distinctly so due to a great variability in numbers among years (Fig. 2, 3 ). In this region estimates from the Biebrza valley (population not included in our model) between 1995 and 2012 suggest a fairly stable population size (e.g. Grzywaczewski et al. 2012 ). In contrast, the population trend in the South-east region was either stable or even slightly increasing across years (Fig.  2, 3 ).
DISCUSSION
Our use of additive models with time-space interaction made it possible to investigate whether patterns of non-linear population trends of the Aquatic Warbler population differed between geographical locations (Fig. 1) . In general we believe this type of modelling to be useful when analyzing long-term dynamics of metapopulations. It should be mentioned however, that this model has some constraints as well, since nonparametric spline fit is very flexible and can be relatively easily adapted to outliers or noise (Wood 2006 ). Thus, the final patterns should be interpreted with caution and in some cases fixing the degrees of freedom and including random year effect may produce more accurate estimates of population trends (Knape 2016) .
The general decline of the Aquatic Warbler with local extinctions at 19 out of 38 sites and the observation of the greatest declines and the highest probability of local extinction in populations in the most peripheral parts of the species distribution (western and central) is in line with the predictions set in the introduction. Similarly, populations close to large core populations in Belarus and Ukraine in eastern Poland also showed less negative or stable population trends. Below, we discuss possible explanations to the regional differences in trends observed, environmental threats and future conservation strategies to increase the long-term viability of the species in Poland and within the whole species distribution. and all have led to a change in vegetation structure and loss of the main habitat of the Aquatic Warbler. Eutrophication may be a major problem in western Poland and adjacent German populations, where agriculture has been intensified with increased use of fertilizers (Tanneberger et al. 2010 (Tanneberger et al. , 2013 . Similar changes in the vegetation of fens and mires of the Aquatic Warbler may also be caused by increased drainage lowering the water table (Kozulin et al. 2004 ). In Belarus the population decreased by more than 90% over the last 30 years possibly due to habitat loss caused by drainage and exploitation of peat (Kozulin & Flade 1999 ). On the Kramskie marshes (site 17) a large population (300 males in 1972) disappeared within 20 years due to drainage of the main nesting area (Winiecki 2000) . At some other sites natural succession (encroachment of reed, birches, willows and other tall vegetation) accelerated by land abandonment and decline of water table may constitute an important threat for specific stage of plant succession preferred by the Aquatic Warbler (Tanneberger et al. 2009 , see also Kozulin et al. 2004 ). In the Biebrza valley this process started a 
Habitat preferences and threats to the Aquatic Warbler in Poland
Differences in trends between east and west: habitat change and demography
The higher population numbers of Aquatic Warblers in the east as compared to the west have been observed for more than 130 years (Taczanowski 1882 ) and the differences in population trends between regions can be attributed to two main factors; namely (i) habitat change and (ii) effects of fragmentation and small population size.
Agriculture in western Poland has always been relatively more intensive as compared to the east, with more complex drainage systems, larger field sizes and more use of fertilizers as was evident already at the start of World War I (i.e. 1914; Gorzelak 2010). For example, the share of farms exceeding > 15 ha in the most western parts of Poland (i.e. western region in Fig. 1 ) increased from 3% in 1960 to 27% in 1997 whereas the corresponding figures in the east were 3% to 6%, respectively (Kociszewski 1999) . Nowadays the share of large farms (> 50 ha) is still about 10-times higher in the west as compared to the southeast of Poland (Central Statistical Office in Poland 2010). Thus, changes in important breeding wetlands have been more dramatic in the north-western and central parts as compared to the eastern parts of the country. In general, more intense agriculture have led to stronger bird declines in western than in eastern Europe, so the trends for the Aquatic Warbler match this pattern (Donald et al. 2001 , Tryjanowski et al. 2011 .
The strong decline observed in the western region may also be exacerbated by effects of small local population sizes and spatial isolation from the three large populations of Eastern Poland (ca. 3,000 singing males), Ukraine (2,600-3,400 males) and Belarus (3,100-7,000 males, BirdLife International 2015a). The observed recolonizations following local extinction clearly show that Aquatic Warblers disperse between local populations at least within regions. However, scattered ringing data suggest some degree of isolation between eastern and western regions (i.e. no birds have been detected moving between these regions; Ławicki et al. in prep.). Moreover, observed differences in male song (repertoire size, contents, song time organization, syntax and spectral parameters) between males inhabiting western region and the Biebrza valley probably has a genetic basis (Glapan 2013 ) and also suggest a present restricted gene flow between eastern and western populations. Finally, analyses of six micorsatellite markers confirm that the population in northwest Poland is to some extent isolated from eastern populations (Giessing et al. 2006) . It is therefore possible that the central and western regional populations are isolated remnants of the western part of the historical Eurasian population and that these populations today suffer from the classical demographic problems of small fragmented populations (Caughley 1994 , Hanski 1998 ).
Conservation implications
All in all, the observed declines of western and central populations are likely to be a combination of both environmental and demographic factors. The main challenge now is to halt the present population trend of this iconic endemic species by keeping and developing the present metapopulation structure of the species. This should be possible by increasing the connectivity between eastern and western populations e.g. by increasing the number of stepping stone habitat patches and improving the breeding habitat in the central and western parts e.g. by increasing the areas of suitable habitat (Flade & Lachmann 2008) . As empty patches may be recolonized it is important to manage and protect also these patches as they may promote larger overall metapopulation size and stabilize the metapopulation dynamics by increased rescue effects (Howe et al. 1991 , Semlitsch & Bodie 1998 . Evidence from habitat conservation actions undertaken in the Biebrza valley suggest the Aquatic Warbler may respond positively and quickly to such a careful habitat management (Fig. 1, Appendix 1) . Ogólna liczebność wodniczki w badanym okresie wyraźnie spadła, jednak dynamika liczebności różniła się wyraźnie między regionami: stwierdzono stabilne populacje w południowo-wschodniej części kraju, umiarko wany spadek w północno-wschodniej części oraz silny spadek na zachodzie i w centrum (Fig. 2, 3 ). W okresie objętym badaniami 19 z 38 populacji wymarło (11 na zachodzie, dwie w centrum i cztery w północno-wschodniej Polsce), jednak pięć z tych lokalizacji zostało zrekolonizowanych w później szych latach, co wskazuje na dynamikę o charak terze metapopulacji. By zła -godzić negatywne trendy i zminimalizować wymieranie lokalnych populacji w zachodniej i centralnej części kraju, konieczne jest poprawienie dyspersji między dużymi populacjami na wschodzie a małymi w centralnej i zachodniej Polsce. 
